In the present paper, we described our attempt to characterize the rough three-dimensional features of the structural analogue of the key intermediate of myosin's cross-bridge cycle. Using quick-freeze deep-etch replica electron microscopy, we observed that actin-attached myosin during in vitro sliding was bent superficially as postulated by the conventional hypothesis, but in the opposite direction of the putative pre-powerstroke configuration, as for ADP · V i (inorganic vanadate)-bound myosin. We searched for the conformational species with a similar appearance and found that SH1-SH2 (thiols 1 and 2)-cross-linked myosin is a good candidate. To characterize such small asymmetric structures, we employed a new patternrecognition procedure that accommodates the metal-replicated samples. In this method, the best-matched views of the target microscopic images were selected from a comprehensive set of images simulated from known atomic co-ordinates of relevant proteins. Together with effective morphological filtering, we could define the conformational species and the view angles of the catalytic domain and the lever arm cropped from averaged images of disulfide-cross-linked myosin. Whereas the catalytic domain of the new conformer closely resembled the pPDM (N,N -p-phenylenedimaleimide)-treated, but SH2 Lys 705 -crosslinked, structure (PDB code 1L2O), a minor product of the same cross-linking reaction, the lever arm projected differently. Using separately determined view angles of the catalytic domain and the lever arm, we built a model of disulfide-cross-linked myosin. Further combination with the 'displacement-mapping' procedure enabled us to reconstruct the global three-dimensional envelope of the unusual structure whose lever arm orientation is compatible with our reports on the actin-sliding cross-bridge structure. Assuming this conformer as the structural analogue of the transient intermediate during actin sliding, the power stroke of the lever arm might accompany the reversal of the disorganized SH1 helix.
INTRODUCTION
The first crystal structure of myosin S1 (subfragment 1) was solved [1] with chicken skeletal muscle as the source material. Together with that of actin reported previously [2, 3] , the atomic co-ordinates of these two essential components of molecular motor systems have yielded an indispensable guideline for a number of biochemical and mutational studies [4] , and theoretical approaches [5] towards deciphering the molecular mechanism of actomyosin sliding. It is well established that the actinattached catalytic (motor) domain does not rotate between two distinct orientations during the power stroke [6, 7] , but the light chain domain (lever arm) does [8] . Therefore the reported crystal structure of ADP · V i (inorganic vanadate)-bound S1 [9, 10] has been readily accepted as the most plausible long-awaited candidate for the crucial pre-power-stroke configuration, since a transition from its upwardly bent structure to the straight rigor configuration could represent a lever arm rotation that generates force [11] [12] [13] [14] . A number of crystal structures of myosin S1s have been deposited in the PDB since then [9, 12, 15] , but none of the crystal structures of actin-attached myosin [16] has been solved so far. It is not an easy task to correlate each configuration to a certain intermediate in dynamic cross-bridge cycle, and the molecular mechanism of actomyosin sliding remains elusive and, at times, controversial [10, 15, 17] . One of the reasons for such great difficulty might be the lack of adequate methodology to observe in-solution structures of mobile molecules in functional states [18, 19] . We had observed directly the structure of actinattached myosin II during in vitro sliding on a mica surface, using quick-freeze deep-etch replica electron microscopy, and found that the configuration of actin-attached myosin heads is clearly bent like the ADP · V i structure as predicted [20] , but seemingly in the opposite direction [21] . Hence we initiated an extensive search for a molecular species with a similar global appearance to this unusual configuration [22] .
Vertebrate skeletal myosin S1 has two highly reactive thiol groups, SH1 (Cys 707 ) and SH2 (Cys 697 ), in the rabbit myosin sequence [23] whose chemical modification greatly affects myosin's intrinsic enzymatic activity [24] [25] [26] . It was reported long ago [26] [27] [28] [29] that these thiols react with each other to be cross-linked by a series of thiol-specific bifunctional reagents in the presence of ADP. pPDM (N,N -p-phenylenedimaleimide) is one of such reagents whose span between reactive groups is approximately 11 Å (1 Å = 0.1 nm) [30] . According to the crystal structure of S1, these thiols are located at both ends of a single α-helix named the SH1 helix, pointing to opposite sides [1, 10] . It is evident that they cannot come close either within the distance or in the orientation that enables chemical cross-linking (the distance between β-carbons in the crystal is ∼18 Å), as long as the helix is kept stable. As an extension of a previous search for the possible existence of the new conformer, we observed pPDM-cross-linked HMM (heavy meromyosin)-ADP in the same way and found that each head was rounded, but actually seemed to bend to the other side of that in ADP · P i -or ADP · V i -bound heads. Thus we suggested that this myosin molecule, whose reactive thiols were chemically cross-linked and has oppositely bent heads, is a possible good candidate for the intermediate configuration observed for the majority of myosin heads during in vitro sliding conditions [21] .
To argue for the implication of delicate structural differences, it is essential to compare the atomic models of the same myosin species. The most comprehensive dataset among the list of myosin S1's atomic co-ordinates is certainly that of scallop S1 elaborately performed by Cohen's group [10, 15, 17, 31] . The dataset contains almost every possible conformational species including chemically cross-linked S1 by the thiol-specific bifunctional reagent pPDM [17] , nominally the same product as we observed in our freeze replica specimens. The local configuration of the SH1 helix revealed by their studies showed, however, that the actual cross-link occurred between Cys 693 (SH2) and Lys 705 , not with Cys 703 (SH1), in scallop myosin case (hereinafter called C-K-cross-linked S1, PDB code 1L2O), apart from the regular specificity of the reagent. In these studies, ADP was stably captured as was biochemically verified in regular intersulfide-cross-linked S1, and, furthermore, the helix was partly disrupted to make SH1 invisible, in a similar manner to that in ADP-bound S1. Under near-rigor conditions, SH1 and SH2 protruded to opposite sides of the helix, whereas Lys 705 , second next to SH1, was on the same side as SH2 [10] . From such geometry, it seems plausible that the total lever arm moiety, probably unified with SH1, might occasionally twist to the opposite side in the presence of nucleotide, and SH2 could be cross-linked to SH1 only when the helix is disorganized. Thus the observed orientation of the lever arm in SH1-SH2-cross-linked material might be well accounted for. Later, Nitao et al. [32] actually studied the reactivity of those thiols in scallop myosin and found that the major cross-linking reaction occurred between SH1 and SH2, and less than one-tenth occurred between SH2 and Lys 705 , suggesting the poor crystallizability of the major disulfide-cross-linked product. Whatever the reason, the importance of elucidating the structure of the crucial transient intermediate during the cross-bridge-cycle is beyond doubt.
Mathematical morphology [33] was introduced as a useful image-processing methodology to extract certain image components from various scientific images, by scanning total fields with appropriately sized structural elements. To determine the global configuration and the view angle of the particles observed in freeze replica images of myosin heads under various conditions, Kimori et al. [34] devised the procedure so that it automatically identifies the images of individual protein molecules from the fields of quick-freeze deep-etch replica specimens. We then compared each individual image with a comprehensive set of computer-simulated replica images [21] which were prepared as reference of certain configuration, viewed from various three-dimensional angles. The best-matched images selected from each configuration's dataset were compared by the unique scoring system, and the one with the highest fitness value was retrieved as the final candidate. With this novel patternrecognition procedure, we could successfully reach the right answer, irrespective of the orientation of the target particles [32] . We thus selected the most likely configuration and the view angle for individual particles using two-dimensional images from the conformational variants. This procedure would be effectively utilized to compare and differentiate two-dimensional projections of the new configuration from the known conformers whose atomic co-ordinates were deposited in the PDB.
In the present paper, we report on our further attempts to characterize the structural analogue, instead of the actual intermediate, that mimics the transient configuration of the actinbound myosin head during motility which should be of great physiological importance, but remains elusive because of the difficulty of determining this structure by any other means, especially by crystallography.
EXPERIMENTAL

Materials and methods for electron microscopy
HMM was prepared from chicken breast myosin and chemically cross-linked with the bifunctional reagents pPDM and FDNB (1,5-difluoro-2,4-dinitrobenzene) as described in [20, 22] . Disulfide cross-linking with DTNB [5,5 -dithiobis-(2-nitrobenzoic acid)] was performed as described in the Supplementary Online Data at http://www.biochemj.org/bj/450/bj4500023add.htm.
Global configuration of HMM heads in the presence of nucleotides and/or cross-linked HMM heads was observed by quick-freeze deep-etch replica electron microscopy combined with the mica-flake technique. Frozen samples were processed, and the images used for the analyses were collected as described in [20] [21] [22] .
Image analysis procedures
Selection and segmentation of target particles
Freeze replica images of HMM were interactively selected and cropped in two steps: first in the window large enough to include two myosin heads plus an S2 (subfragment 2) portion, then in the smaller window for single particles analyses. The region of HMM particle was segmented from the background by morphological smoothing followed by automatic thresholding for binarization. Individual S1 heads were segmented, again by smoothing and binarization (more detail of this method was described previously [34] ). Catalytic domains were segregated from individual S1 images using the masks generated by the process shown in the text.
Generation of simulated replica images
A comprehensive dataset of reference images was prepared by light-rendering software, from the atomic co-ordinates of various crystal structures stored in the PDB as described in [21, 34] .
Alignment and averaging of ADP · V i -bound and disulfide-cross-linked HMM head Particles with a relatively high correlation coefficient with certain templates were selected from the images of the ADP · V i structure. A total of 21 particles from the most abundant population were aligned and averaged.
With respect to thiol-cross-linked HMM, the catalytic domain area cropped from freeze replica images of disulfide-cross-linked HMM head was subjected to the alignment. Atomic co-ordinates of the N-terminal 706 amino acids of the ADP · V i -bound S1 structure (PDB code 1DFL) were used as a reference model for the catalytic domain (see Figure 3A) .
The model was placed so that the global subdomain arrangement in the catalytic domain is clearly visible, and its simulated image was generated as a template. A total of 17 particles whose catalytic domain had a relatively high correlation coefficient (>0.75) with the template were selected from the field. Final averaging was carried out for the total particles, including the lever arm moiety.
Determination of the most likely configuration of the catalytic domain of the averaged disulfide-cross-linked HMM head
Conformational species of the averaged replica images were determined by correlation matching with a number of simulated images in a manner similar to that for unaveraged singleparticle replica images [34] . After extraction of structural features from real and simulated images by morphological-filter (NB: this process was very effective and essential for quantitative correlation between images of different origin, like true replica images and light-rendered simulated images), both kinds of images were subjected to cross-correlation analysis, and the best-matched template was selected for each class-average by the similarity retrieval method. The actual procedure consists of two independent cross-correlations between the images, one on the outline shape and the other on the internal texture pattern reflecting surface profiles of the particles. At the same time, the 'fitness' value, i.e. the fraction of the overlapped area of two kinds of images after fitting the respective patterns, was stored as the third factor in a database.
In each database, the maximum values of the correlation coefficient of the texture pattern and the fitness value of the bestmatched simulation model were denoted as r i and F i respectively, where i stands for the type of conformation.
We employed another coefficient C i , i.e. the norm of r i and F i defined below, as a useful index for the final decision of conformational species:
Conformational species of the catalytic domain of the disulfidecross-linked HMM head were defined by measuring the degree of matching of the truncated replica image (target image) with a comprehensive set of simulated images (template images) prepared from the counterparts truncated from known conformers. The conformer and the view angle with the highest C i value were taken as the final answers for the selected replica image. The angle of the best-matched template was adopted as the class-average's view angle Classification, averaging and view angle determination of freeze replica images Selected replica images were normalized for scaling and subjected to k-means clustering analysis [35] . Particles centred in the windows were aligned through the multiple reference alignment classification processes [36] . Pearson correlation was used for similarity calculation. The particles were at first assigned to one of five classes by k-means clustering, then the images in each class were aligned by rotation and translation, and were averaged (computation took 3 h with a 3.00 GHz Pentium 4 processor with 512 kb cache memory and 512 Mb RAM). The correlation coefficient of the structural pattern and the fitness value of the best-matched simulation model were measured in each classaverage. View angles of these averaged images were determined as described (computation took 6.5 h in total for five averages).
Three-dimensional reconstruction of cross-linked HMM heads from freeze replica images Three-dimensional reconstruction of the disulfide-cross-linked HMM head was carried out from its freeze replica images by a combination of three different procedures as follows. (i) Segmented images of HMM particles were classified and averaged according to a standard protocol for single-particle analysis, and the view angle for each class was estimated as described. (ii) The global three-dimensional shell of the particle was reconstructed by the iterative approximation procedure used in our topologybased tomographic reconstruction, [37] which enabled us to obtain isotropic three-dimensional profiles of replica specimens even from a limited number of projection images. In this instance, the reconstruction was regarded as solving a constrained optimization problem, and the final three-dimensional profiles are the best compromise for the simultaneous equations that equally satisfy the outline shapes and the density distributions of all the projection images. (NB: we describe in the main text only the basic principle of the reconstruction procedure. Readers interested in further details of the process are referred to Supplementary Figures S1 and S2 at http://www.biochemj.org/bj/450/bj4500023add.htm.) The particle's surface envelope was first expressed by a polygoncovered shell in an appropriate shape (e.g. a sphere of an appropriate radius), and was then sequentially modified so that all of the outline shapes of the target particle along respective view angles most evenly match with class-averages of the true replica images. Iterative modifications were carried out simply by moving the co-ordinates of the polygon apices within the plane perpendicular to respective projection angles. Such iteration was repeated until the deviation of the model's outlines from the averaged images was minimized. No answer should be obtained, of course, if the estimated view angles were mutually inconsistent. (iii) The final procedure uses the so-called 'displacement-mapping' method to locally put additional layer on to the global smooth surface of the envelope, according to the thickness distribution estimated from the texture pattern. Delicate density distributions observed in the rotary-shadowed images should reflect the distribution of metal accumulation on the rugged feature of the target. For confirmation, we used the simulation based on one of the principles of shadowing, that the dark areas surrounding the bright patch (when the replica's contrast by heavy metal was reversed) would correspond to the grooves around the hill. Mapping was performed by assigning the density level of the dark regions with less metal accumulation to that of the original smooth surface, and putting additional thickness according to the local increment in luminosity.
RESULTS
Quick-freeze deep-etch electron microscopy of various thiol-cross-linked HMMs
We have visualized previously the structures of various ternary complexes of HMM-ADP · metallofluoride on mica by freeze replica electron microscopy [22] . We also reported that pPDMtreated myosin exhibits a rounded appearance at a glance, but actually is bent oppositely to that of ADP · P i -or ADP · V ibound HMM [21] . To examine whether the characteristic structure we found there is the general feature of SH1-SH2-cross-linked myosin, we observed the configuration of HMM cross-linked with (A) Control HMM particles; (B) HMM particles whose reactive thiols were directly cross-linked to form disulfide bonds through DTNB treatment; (C) particles whose reactive thiols were cross-linked with FDNB; (D) particles cross-linked with pPDM; (E) DTNB-treated particles after reduction with dithiothreitol to recover SH1 and SH2; (F) particles with bound ADP · V i . It is notable that disulfide-cross-linked myosin heads are rounded or strongly curved in an anticlockwise direction, seen from the junction between two heads. Control or reduced heads were mostly straight, whereas ADP · V i -bound HMM showed clockwise bending. The lever arm portion is often exposed and visible in this configuration.
the other reagents. Figure 1 is a gallery of images of HMM crosslinked with various bifunctional reagents, together with control HMM particles in the absence and presence of ADP · V i , and those after reduction of disulfide-linkage. There is a clear tendency that myosin heads with an interthiol cross-link have a more rounded appearance, and sometimes showed an anticlockwise curvature when viewed from the S1-S2 junction. The particles with rounded appearance seemed especially abundant for those with direct dithiol-cross-linked HMM, although it was not apparent at that stage whether all of these global configurations were attributable to a common single structure. On the other hand, for heads with bound ADP · V i or ATP, clockwise curvature predominated [20, 21] , possibly implying that the same side of the catalytic domain tends to attach to the negatively charged mica surface [38] . Nucleotide-free HMM heads were elongated with a conventional pear-shaped morphology. HMM heads treated with DTNB were rounded similarly to that of pPDM-or FDNB-treated ones, but recovered its original shape after reduction, indicating that the change observed is due to cross-linking between two thiols, and possibly to stable trapping of the nucleotide in the pocket as well. Thus we initiated further efforts to characterize the novel oppositely bent structure generated by disulfide linkage (hereafter called disulfide-cross-linked myosin), by focusing on its difference from the well-characterized ADP · V i -type structure.
Applicability of the new image-analysis procedure evaluated with known myosin conformers
We have already analysed the bent structure of ADP · V ibound myosin to examine the robustness of our image-analysis procedure, and confirmed that the various appearances of individual molecules in replica specimens can be interpreted fully as resulting from different views from defined angles [34] . Considering the ability of the above procedure to score the similarity of each molecule to various known configurations, it might be possible to select the most likely crystal structure for individual particles, if it exists, from the list of conformers in the PDB. In order to characterize the aberrant morphology of the thiol-cross-linked HMM head, we investigated the unknown three-dimensional structure of the cross-linked myosin head from its freeze replica images, taking advantage of the patternrecognition technique established for single particle images [34] (i.e. image alignment, clustering, averaging and template patternmatching). Variance of local surface features due to the shadowing process was averaged out to obtain a more evenly shadowed appearance. To test whether we could apply the previous strategy [34] to the averaged ones, we classified and averaged replica images of ADP · V i -bound HMM heads and retrieved the best candidate from a stock of simulated images prepared from a relevant crystal structure (PDB code 1DFL). Figure 2C ), suggesting the capability of our procedure to discriminate subtle differences among subdomain arrangements embedded in classaveraged images. Now, we confirmed that the procedure is capable of determining the view angles not only of single-particle images, but also that of the averaged images.
Comparison of the disulfide-cross-linked myosin catalytic domain structure with that of other species
Although the structure of disulfide-cross-linked myosin is hard to determine by conventional methodology, it is clear that all myosin heads consists of two modules: the catalytic domain and the lever arm. The diversity of the catalytic domain structure is great and is likely to be the origin of the structural changes bearing tension development and actin translocation, whereas the structure of the lever arm moiety differs little among configurations. Thus we took the strategy of dividing individual averaged images into globular and elongated areas, regarding them as corresponding to the catalytic domain and the lever arm respectively. We then examined them separately to determine the conformational species and the view angles for the catalytic domain, and only the latter parameter for the lever arm. As a tentative reference to align the replica images of the new configuration, we used the truncated catalytic domain of PDB code 1DFL, which we have studied, as described above. Since the purpose of this alignment is to find the closest structure among various conformers, we chose the view angle where most of the subdomains were visible so that their positional relationship could be sharply distinguished. We thus obtained an effective template to examine unknown structures ( Figure 3A) . Then, the catalytic domains cropped from freeze replica images of the disulfide-cross-linked head ( Figure 3B ) were subjected to the alignment. The particles whose catalytic domain had a relatively high correlation coefficient with the template (17 particles whose correlation coefficient was higher than 0.75) were selected from the field ( Figure 3C ) and aligned solely with the catalytic domain's texture. Although averaging was carried out for the field covering the total particle area, the occupancy of the lever arm area seemed minor for this view angle ( Figure 3D , upper left-hand panel). The final average presented a clearly resolved subdomain arrangement in the catalytic domain, again ensuring the plausibility of our procedure ( Figure 3D , middle panel). On the other hand, the images of ADP · V i -bound heads were aligned using the same template without including the outline information and averaged for tentative comparison with the novel configuration. By superimposing the matched catalytic domain area of the two images ( Figure 3D, right) , the difference in the emerging position and the orientation of the lever arm was clearly exhibited, ensuring that these two structures are distinct from each other.
Next, the similarity of the new structure's catalytic domain to the other conformers was examined by comparison with those listed in the PDB. The catalytic domain area in the averaged image ( Figure 4A , top and middle panels) was cropped by a mask prepared by morphological operation ( Figure 4A, bottom panel) , and its internal pattern was subjected to correlation matching with the simulated images of the counterparts cropped from various atomic models; more specifically, the N-terminal 706 residues taken from the list of atomic co-ordinates of scallop S1 structures; i.e. (Figure 4B ) pPDM (PDB code 1L2O), ( Figure 4C ) ADP · V i (PBD code 1DFL), ( Figure 4D ) ADP (PDB code 1B7T) and ( Figure 4E ) near-rigor (PDB code 1DFK), and a comprehensive set of reference images of the catalytic domain was generated from each of them. The bottom panels of Figure 4 show the extracted internal pattern of disulfide-cross-linked myosin catalytic domain ( Figure 4A ), and its best-matched simulation images for each configuration (Figures 4B-4E) . Interestingly, the image of the catalytic domain of the disulfide-cross-linked structure was considerably closer to the similarly pPDM-treated, but [43] . (B) Procedure to segregate the catalytic domain area from the total area of the molecule. Original image (panel 1) was segmented from the background using a morphological smoothing process followed by automatic thresholding for binarization (panel 2). Segmented images were subdivided further into the catalytic domain and lever arm portion when needed, utilizing the opening operation to remove the latter area from the whole area, as a small protrusion. More specifically, the opening operation was carried out with a circular structuring element of 11 nm diameter, which is larger than the lever arm's width. Then, the opened image was dilated with a circular structuring element of 1.25 nm diameter (panel 3) to cover the area of the catalytic domain. The mask for the catalytic domain was obtained by intersection operation between panels 2 and 3 (panel 4). The catalytic domain area was extracted from the total area with that mask (panel 5). (C) Gallery of replica images of disulfide-cross-linked HMM particles used for averaging. (D) Their averaged image (left) and its internal texture (middle). Note the remarkable effect of the morphological texture extraction [32] to enhance the faint pattern in the averaged image to the one appropriate for matching with simulated images. Two averages were superimposed with their catalytic domain in common. Right-hand panel: the lever arm protrudes to completely different directions.
C-K-cross-linked, structure ( Figure 4F ) than the others, possibly reflecting common subdomain rearrangement upon nucleotide binding. This might suggest the closeness of the two reaction steps within the dynamic cross-bridge cycle. Since the structure of the lever arm seemed to be more or less similar to each other for all the configurations, we employed 1L2O as a starting structure to seek the new configuration.
Single-particle analysis for reconstructing the global three-dimensional model of the new structure
The most established strategy for determining the in-solution structures of supramolecular complexes by electron microscopy is to apply single-particle analysis to cryomicroscopic images of frozen-hydrated native protein molecules [39] . Owing to the extremely low contrast and noisy nature of the original cryoelectron microscopy images, it is difficult to apply this procedure to the structure of small protein particles, especially when no symmetrical feature is assumed. Myosin head is by far smaller than the current limit of the standard methodology (e.g. transferrin receptor-transferrin complex [40] , with a molecular mass of 230 kDa) and therefore cannot be studied by the conventional procedure.
Freeze replica electron microscopy reveals subtle texture patterns on the surface of target protein molecules adsorbed on mica. We showed that such patterns clearly reflect fine ridges and grooves on the protein's surface, and could be used as convenient landmarks for discriminating each molecule's configuration and view angle, if relevant atomic models are available as references [21, 34] . Hence we utilized such useful features for reconstructing the molecular envelope as a threedimensional shell, as in conventional single-particle analysis. To obtain a rough aspect of the three-dimensional envelope of myosin's unknown configuration, we combined the standard protocol of single-particle analysis with our new procedure for topography-based three-dimensional reconstruction from freeze replica specimens [37] . At first, we classified numerous images of HMM heads according to their appearance. Most particles sorted by conventional cross-correlation gave only five major clusters, possibly because of the uneven charge distribution on the surface of myosin adsorbed on to the negatively charged mica substrate. The images in each cluster ( Figure 5A ) were aligned and averaged to make various views of the novel structure ( Figures 5B and 5C ). On the other hand, two modules of the myosin head, the catalytic domain and the lever arm, were cropped from the atomic model of C-K-cross-linked myosin by cutting at appropriate positions close to their junction (Gly 706 and Met 784 ), and template images for each module were prepared separately. Then, the averaged replica images were subdivided into the catalytic domain and lever arm moieties, each of which was subjected separately to the [32] . Since the similarity in the subdomain arrangement was by far the highest for C-K-cross-linked structure, we employed that as the most likely configuration of disulfide-cross-linked catalytic domain. Colour-coded subdomains are: upper 50 kDa, pink tint; lower 50 kDa, green; N-terminal barrel, cyan; remaining heavy-chain portion, red; essential light chain, sky blue; regulatory light chain, blue; together with the secondary actin-binding site, white, along the heavy chain.
analysis for the view angle, to select the best-matched template from comprehensive sets of respective reference images. The distance between the two modules in three-dimensional space was also estimated from their separation in each projection image.
The structural information obtained as above was utilized in two ways. One was to build a tentative molecular model by simply repositioning the catalytic domain of 1L2O and the appropriate lever arm structure (that of 1L2O) according to the defined view angle for each part. Relative angles between the catalytic domain and the lever arm, determined independently, were consistent with each other for all the projections ( Figure 5D ) except for the one in which the lever arm was hard to recognize only to overlap with the catalytic domain. The atomic model of 1L2O was first divided into the catalytic domain and the lever arm at the region close to the root of the lever arm (Gly 705 -Gly 780 ). Then, they were separately placed according to the information on their view angles defined from the averaged images. Also there was a minor variance between the relative orientation of both parts ( Figure 5D) ; we could obtain a tentative atomic model of the new structure that consistently satisfied all the projected images, i.e. view angles and the distance between two modules as estimated above ( Figure 5E ).
The second and more aggressive approach was to reconstruct the three-dimensional envelope of the total structure by a singleparticle analysis adapted to the present situation. Here, we needed to consider two inherent properties of freeze replica samples on mica to reconstruct the target's three-dimensional structure: (i) the scarcity of projection angles as described above; and (ii) the images are not the real projections through the particle, but the presentation of near-side-surface profiles. We handled such type of images with a new strategy developed for topography-based tomographic reconstruction of replica specimens [37] . Although the limited number of projections would be fatal to the reconstruction of the three-dimensional structure from transmission images, we could tactically manage replica images to make a contour map of the entire surface as a mosaic of near-side profiles, as long as all the landscapes on the particle's surface are even barely visible somewhere in a series of projected images. Hence we could reconstruct the surface profile of the novel myosin configuration according to the new procedure described in the Experimental section, shown in Figures 5 and 6 and the Supplementary Online Data at http://www.biochemj.org/bj/450/bj4500023add.htm. It should be noted that the view angles of each module in respective views were incorporated as the decisive parameter of the reconstruction, and thus the orientation of the atomic model is fixed in the reconstructed shell. We compared the reconstructed threedimensional surface with the independently generated tentative model by placing the two modules in three-dimensional space. Considering the current requirement and the limit of the available methodology, the continuity of the two modules and the agreement between the shell and the model appears to be reasonably good, assuring us not only that the view angles of the catalytic domain and the lever arm, but also the distance between them, were adequate in each averaged image (Figures 6A and 6F) . We are now poised to compare its global structure with the other configurations. Since the appearance of the catalytic domain of the reconstructed surface shell was closest to that of the C-K-crosslinked model, we placed it at the assigned position and orientation in the shell, according to its defined view angles which had been incorporated into the calculation procedure, i.e. the view angle for each averaged image was estimated by a comparison with model images viewed from various angles. Although the threedimensional shell reconstructed from the replica images presents only the surface profile of the particle, we might still be able to discern the major difference in the orientation of the lever arm moiety from those in the other configurations. Comparison was made on the global orientation and the torsion angle of the lever arm around its main axis. Upper panels of Figure 7 show the result of fitting various atomic models to the shell by placing the catalytic domain of each configuration in the common orientation. Now, the global configuration of the disulfide-cross-linked myosin head turned out to be quite aberrant, far apart from those in the other known configurations. Although the catalytic domain of C-Kcross-linked myosin best-matched with the new configuration, it is notable that, in three-dimensional space, the lever arm portion of the same structure is completely out of the envelope, protruding almost exactly in the opposite direction ( Figure 7C ). Another important feature that we found in the reconstructed envelope is the face of the lever arm in comparison with that in the rigor state. We assumed that the lever arm moiety together with SH1 might behave as a unit during the large structural change stabilized by chemical cross-linking and, possibly, throughout the power stroke as well. According to our results, the torsion angle of the lever arm in the new configuration was almost opposite that in the near-rigor structure. If the transition of the current configuration to the rigor structure is a part of the power stroke, that should involve a reversal of the torsion imposed on the lever arm moiety by nucleotide binding and its hydrolysis.
DISCUSSION
Selection of the material and strategy for three-dimensional structural analysis of myosin's new configuration
In the present paper, we describe our attempt to characterize the rough three-dimensional feature of the structural analogue of the key intermediate in myosin's cross-bridge cycle. Thanks to the long-time efforts of Cohen's team, a great variety of crystal structures are available in a comprehensive set of scallop myosin head without any truncation [10, 15, 17, 31] . However, the intriguing structure of SH1-SH2-cross-linked materials is still missing from the list, probably because of the difficulty in its crystallization. NB: although the major cross-linking reaction occurred between SH1 and SH2, approximately onetenth occurred between SH2 and Lys 705 , indicating that the major disulfide-cross-linked product is not likely to be crystallizable. [32] We found that such a molecular species could be a good structural analogue of the major intermediates observed during the cross-bridge cycle [20] , and initiated its structural characterization. The most appropriate strategy one might consider for three-dimensional structural analysis of a noncrystallizable supramolecular complex would undoubtedly be single-particle analysis of cryo-electron microscopic images. Currently, however, reconstruction of myosin heads by conventional procedures might be extremely difficult, if not impossible, owing to the target's small size and asymmetric morphology. We had demonstrated previously that the delicate internal texture pattern observed in quick-freeze replica images of myosin heads could be interpreted as reflecting its surface profiles. In the present study, we devised a way to overcome this difficulty using the advantageous features of high-contrast freeze replica images. For the material for the analysis, we employed HMM [20] instead of S1 [41] , so that we could easily discriminate the polarity of each head by the presence of the S2 moiety. In addition, we treated the myosin samples with DTNB to generate a direct disulfide bond as the intramolecular cross-link between the two reactive thiols (see the Supplementary Online Data). This reaction not only provides the cross-link solely between two thiols, but also is expected to show maximal effect by the shortest span of interthiol bridges, even if there could be any conformational variants. We then devised a new procedure to reconstruct the three-dimensional shape of the target particle's envelope from a limited number of freeze replica surface views. Since the target consists of the catalytic domain and the lever arm with two light chains, we could manage to define the rough structural features of the new and most intriguing configuration of the myosin head that probably mimics the major intermediate of the cross-bridge cycle. Since our strategy is not to determine the total structure of the target as performed in conventional single-particle analysis, but merely to select the most likely image from several sets of simulated model images, it is quite robust to the disturbances caused by background noise [34], enabling us to define the target image's relevant configuration and its view angle, whether it is an individual particle [34] or averaged.
Related studies on various properties of interthiol-cross-linked myosins
Reisler et al. [26] were the first to introduce thiol-specific bifunctional reagents to cross-link SH1 and SH2 in myosin. Yount's group extensively studied the biochemical properties of S1 whose thiols were cross-linked with various bifunctional reagents [27] [28] [29] over a wide span range (actually from 2 Å, i.e. disulfide as used in the present study, to 15 Å [42] ). They found that nucleotides were stably trapped by the cross-linking reactions, suggesting the possibility that the reaction products could be good analogues of the transient intermediates of the actomyosin cross-bridge cycle. In support of this idea, it has been reported that SH1-SH2 cross-linking does not trap the nucleotide when myosin is bound to actin [43] . Bobkov and Reisler [44] later reinvestigated its properties by comparing them with those of Figure 4 , and the primary (first) actin-binding site (coded in yellow) must be much larger in the actual structure. S1-ADP · BeF x and S1-ADP · AlF 4 , the other putative analogues of myosin head intermediates that yield the weakly bound state when bound to actin. They compared three species by various means and concluded that pPDM-cross-liked S1, although still categorized as a weakly bound species on the basis of its affinity to actin, might have substantially different properties from the others, in agreement with our results.
In order to characterize the behaviour of thiol-cross-linked myosin in muscle fibres, Thompson et al. [45] synthesized a new bifunctional spin-label reagent that can cross-link the same reactive thiols as does pPDM. Their experiments on the mobility of the label in the fibre led them to conclude that disulfide-crosslinked myosin heads are slowly fluctuating, while maintaining weak attachment to actin.
Since the SH1 helix is located close to the hinge connecting the catalytic domain and the lever arm, the change in the distance between the two thiols could affect their relative position, leading to a global conformational change when that helix is disrupted. Umeki et al. [46] synthesized another thiol-specific cross-linker that reversibly isomerizes between the cis-and trans-forms by switching the wavelength of the illuminating light. The span length of this photochromic reagent can change from 5 (cisform) to 17 (trans-form) Å; they introduced this reagent between SH1 and SH2 and attempted to change the lever arm orientation by controlling the distance between them photochemically. They examined this S1 material by small-angle X-ray scattering, and detected a small increase in the radius of gyration under the trans-form condition. This result is opposite the ATP-bound case, and consistent with what we found in the present study. Actually, the structures of the different cross-linked products, including the ones we have shown in the present study, might include some conformational variants corresponding to variations in their interthiol span lengths. It seems difficult to us, however, to conceive that the reagent, even under the maximally extended configuration, would have sufficient flexibility to allow the two cross-linked thiols to fully return to their original uncross-linked positions when the SH1 helix reformed. Regardless, the change they reported is quite intriguing and compatible with the more explicit conformational features and their alterations that we observed in the present study.
Feasibility of the new conformer as the structural analogue of the transient intermediate
Utilizing a substantially modified version of single-particle analysis, we reconstructed, from averaged replica images, the three-dimensional shell of disulfide-cross-linked myosin head to represent its rough envelope. If the basic structure of the actin-attached intermediate during motility takes a similar three-dimensional shape, its lever arm portion would certainly curve towards the face of the catalytic domain's major actinbinding cleft [47] (arrowhead in Figure 3A) , consistent with our observation under actin-sliding conditions [20] . We mentioned that such an unusual configuration could be a common feature of various thiol-cross-linked myosin heads. Furthermore, independent biochemical or biophysical studies of thiol-crosslinked myosins showed that such materials bind weakly to actin [43] or thin filaments in muscle fibres [44] , compatible with our notion that it could be the predominant constituent of the weakly bound state under unloaded actin-sliding conditions in the presence of ATP. The entire cycle consists of four (or five) states involving four structural species of myosin, each having two specific actin-binding sites either occupied or unoccupied. (i) ADP · P i -bound actin-unbound state; (ii) weakly actin-bound state(s); (iii) pre-power-stroke-primed state; and (iv) strongly bound rigor state. Each state is illustrated by a pair of side-and barbed-end views of actin (grey) with bound myosin body (violet) having the first (yellow) and the second (white) actin-binding sites for the clarity of their spatial arrangements. Upon binding of ATP, rigor-myosin changes its structure into the ADP · V i form and dissociates from actin. The catalytic domain flips to the opposite side and forms the new configuration, either automatically or triggered by a touch with actin surface. Then, the myosin head might rock back and forth in search for the specific binding site on actin, while keeping the same face in touch with actin. After finding the first (yellow) binding site, the whole myosin head pivots on actin to form the second-site (white) binding with the barbed-end side monomer. In such a 'primed configuration', the total catalytic domain is oriented in the same way as in the rigor complex with two-site binding (yellow and white) to actin, but still keeping its flipped global configuration. Finally, the lever arm portion of the bent structure would de-rotate through several conformational changes (E. Katayama, Y. Kimori and N. Baba, unpublished work) and returns into original rigor form, constituting the power stroke.
Thus we might conclude that the most abundant actin-bound configuration observed during sliding would be a short-lived transient configuration of myosin with a disorganized SH helix. Whereas a substantial fraction of actin-attached HMM was accounted for by a unique configuration of a thiol-cross-linked product, we should still be aware of the existence of less abundant fractions, which is the subject of a separate study.
Although the spatial resolution of our method is too limited for a definitive conclusion, the fundamental difference in the various properties of thiol-cross-linked myosin from the others is also clear from the structural aspects shown in the present study. The most popular measure of strong or weak actin binding might be whether the actin-binding cleft on the catalytic domain is open or closed [48] . Our analysis showed that the catalytic domain of the new configuration well resembles that of the other pPDM-crosslinked product (PDB code 1L2O), implying that the cleft might be open, although others have proposed a more dynamic distribution within each state [49] .
One of the most crucial criteria for judging the authenticity of the present structure would be its similarity to that of functioning cross-bridges during actual actin sliding or tension development captured by other established means. Although there have been very few such attempts, at least two come readily to mind: the first is a tomographic three-dimensional reconstruction of the crossbridges in Ca 2 + -activated insect flight muscle [19] ; the other is three-dimensional reconstruction of negatively stained myosin V molecules during walking along actin filaments [18] , assuming an analogous operational mechanism in myosin V walking. The fitting of our structure to those examples is also the subject of a separate study. We can, however, state in the present paper that in tentative attempts the match was surprisingly good for both cases despite the expected substantial differences in their biochemical properties.
Involvement and potential role of the novel configuration in the actomyosin-cross-bridge cycle
In the present study, we showed the existence of a heretofore unknown configuration realized in SH1-SH2-crosslinked myosin II. Although thorough arguments on the structural changes during muscle contraction are the beyond the scope of the present study, we briefly summarize our reconsidered crossbridge cycle. Figure 8 is a schematic drawing of our revised cross-bridge cycle that is based on not only our replica images during actin-sliding, but also various complex behaviour that has been documented for the system (i.e. quenched cross-linking study [50] , twirling of actin filament during sliding [51] or even the enigmatic loose chemomechanical coupling [52] [53] [54] ). The key points to be noted are the coupling of two pairs of actomyosin interaction sites [50] (represented by yellow and white patches in the reaction sequence shown in Figure 8 ), and the structural change from the conventional bent ADP · P i structure (similar to the ADP · V i form) when dissociated from actin to the final rigor structure, through the new conformers. Each state is presented with a side-and a barbed-end view of the actomyosin complex. (i) Upon binding of ATP and its hydrolysis, rigor-myosin dissociates from actin to form the conventional bent ADP · P i structure. (ii) Accompanying the reattachment of the myosin head to actin, the lever arm portion twists to the opposite side by the disruption of the SH1 helix, and the entire myosin head converts into the new configuration as above. (iii) The myosin head in that configuration swings back and forth along the axis of the rotationally fluctuating actin filament, keeping the face of the first contact (the inner side of the curved body) to the actin filament. (iv) The interaction between the first pair of contact sites (yellow) occurs while the second site on myosin (white) is on the outer surface facing the opposite side (Figures 4 and 7) . (v) Next, the new conformer pivots to the left in search for the other contact site(s), and eventually finds a good second binding site (white) on the neighbouring actin monomer towards the barbed-end direction. (vi) By establishing the second (or possibly more) contact(s), the catalytic domain of the entire structure would be firmly immobilized in the orientation similar to the rigor-like one, so that it takes on the pre-power-stroke primed configuration. Finally, (vii) the lever arm portion extends to return to the original rigor configuration, presumably accompanying the recovery of the disrupted SH1 helix. We postulate that this last process might involve several conformational steps.
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Yoshitaka Kimori devised and performed the image analyses including morphology processing, Norio Baba reconstructed the three-dimensional shape of myosin head, and Eisaku Katayama designed the entire study, took the original micrographs, contemplated the proper interpretation of the data and wrote the paper. Figure S1 Earlier part of the procedure to reconstruct the three-dimensional envelope of disulfide-cross-linked myosin head (A) Class-averaged projection images with their colour-coded outlines. (B) The particle to be reconstructed must be enclosed in the space surrounded by the cylinders, whose cross-sections are outline-shaped. Under that constraint, initial model in an appropriate shape was modified by iterative approximation [10] until all of the outline shapes of the projected images were most evenly satisfied. (C) Although the solutions of simultaneous equations converged by more than 30 iterations, some freedom remained along one direction (e.g. cases 1 and 3 as the thinnest and thickest examples respectively). proceeded to the final 'displacement-mapping' stage for several cases between 1 and 3, and examined the degree of matching of the surface patterns mapped on to the three-dimensional shell, from different directions. We selected the candidate model in which surface textures from different angles best-matched to each other. Once we obtained the adequate depth, we returned to the beginning and restarted the reconstruction from the initial model as in case 2, i.e. a cylinder of appropriate radius, whose axis is perpendicular to view #2, and with an obliquely cut plane perpendicular to view #1.
Convergence to a certain shell structure by continued calculation indicates in itself that estimated view angles for respective views were mutually consistent. Otherwise, the solution to simultaneous equations will dissipate and we would not be able to obtain the final three-dimensional shape any more.
Altogether, we eventually obtained the reasonable threedimensional shape of the shell that is compatible with all of the features included in class-averaged replica images, for both outline shapes and internal patterns.
It should be noted, however, that such a displacement-mapping procedure would give only the positions of the grooves observed in rotary-shadowed images, but not reflect the precise depth values along the surface. Therefore the reconstructed shell must be regarded as a global measure of the envelope embedding the inside structure.
The robustness of the reconstruction program was verified by the projection images of well-known structural model of keyholelimpet haemocyanin and urease (PDB code 3LA4), each as a test material for symmetric and asymmetric structure respectively.
Computation to reconstruct basic three-dimensional shell took approximately 7 h in total for more than 30 iterations including data-editing time, using a personal laptop computer (Panasonic Let's Note), and additional 2 h to obtain the final results by displacement mapping.
